We consider a scenario of a composite Higgs arising from a strong sector. We assume that the lowest lying composite states are the Higgs scalar doublet and a massive vector triplet, whose dynamics below the compositeness scale are described in terms of an effective Lagrangian. Electroweak symmetry breaking takes place through a vacuum expectation value just as in the Standard Model, but with the vector resonances strongly coupled to the Higgs field. We determine the constraints on this scenario imposed by (i) the Higgs diphoton decay rate, (ii) the electroweak precision tests and (iii) searches of heavy resonances at the LHC in the final states l + l − and lν l (l = e, µ), τ + τ − , jj, tt, W Z, W W , W H and ZH. We find that the heavy vector resonances should have masses that are constrained to be in the range 2.1 -3 TeV. On the other hand, the mixing of the heavy vectors with the Standard Model gauge bosons is constrained to be in the range tan ϑ ∼ 0.1 − 0.3, which is consistent with the assumption that the Higgs couples weakly to the Standard sector, even though it couples strongly to the heavy vector resonances.
In this work, we want to investigate whether this strong coupling hypothesis is still compatible with the currently known phenomenology and, in general, whether composite models are viable alternatives to electroweak symmetry breaking, given the current experimental success of the Standard Model [3] . To be concrete, we describe the new sector by means of an effective model with minimal particle content, without referring to the details of the underlying strong dynamics. We use an effective chiral Lagrangian to describe the theory below the cutoff scale of the underlying strong interaction, assumed to be Λ = 4πv ∼ 3 TeV. This low energy effective theory must contain the Standard Model spectrum and the extra composite scalar and vector multiplets.
The content of this paper goes as follows. In section II we introduce our effective Lagrangian that describes the spectrum of the theory. Section III deals with the constraints arising from the Higgs diphoton decay rate and dijet exclusion limits. The constraints on the model parameter space arising from the oblique T and S parameters are discussed in Section IV. In section V we describe the different decay channels of the heavy vector resonances. In section VI we present the constraints of our model arising from LHC searches of heavy vector resonances. Finally, in section VII we state our conclusions.
II. LAGRANGIAN FOR A HIGGS DOUBLET AND HEAVY VECTOR TRIPLET.
We want to formulate the scenario of EWSB triggered by a strongly coupled sector without referring to specific details of the underlying theory. This underlying theory, as it becomes strong at low energies, should generate the Higgs scalar multiplet as a composite field below a scale Λ ∼ 4πv, where v will be analog of the pion decay constant in QCD. We will assume that, in addition to the composite scalar multiplet, there will remain a vector composite multiplet below the scale Λ. One should then expect that these composite fields would exhibit a remnant strong coupling among themselves, which is the main hypothesis we want to test.
We will assume the vector composites to form a triplet under SU (2) L , while the scalars will form a Higgs doublet just as in the SM. To this end we construct the effective theory based on a hidden local SU (2) symmetry, so that our gauge group appears as SU (2) 1 × SU (2) 2 × U (1) Y . To give large masses to the vectors, the SU (2) 1 × SU (2) 2 part will be broken down to the diagonal subgroup, i.e the standard SU (2) L . The would-be Goldstone bosons of this breaking will be incorporated as a non-linear sigma model field Σ. In turn, the gauge symmetry of the Standard Model will be broken, as usual, when the electrically neutral component of the scalar doublet Φ acquires a vacuum expectation value.
We denote the gauge fields of SU (2) 1 , SU (2) 2 and
µ and B µ , respectively. After the breaking of SU (2) 1 × SU (2) 2 → SU (2) L , one combination of the vector fields A (1) µ and A (2) µ will become the heavy vectors and the other combination will remain as the SU (2) L gauge fields. In our notation, the heavy vectors will be mainly A (2) µ with a small admixture of A (1) µ . The scalar doublet Φ, i.e. the Higgs field for the SM, on the other hand, should be completely localized at the SU (2) 2 site, in order to reflect a stronger coupling to the heavy vectors. As such, Σ is a doublet under both SU (2) 1 and SU (2) 2 , while Φ and ψ iL are doublets only under SU (2) 2 and SU (2) 1 , respectively (see Table I ). The effective Lagrangian is expressed as Here F (1)µν , F (2)µν and B µν are the gauge field tensors, the brackets denote the trace in the corresponding group indices, f Σ is the analog of a decay constant for the extra would-be Goldstones expressed non-linearly in the field Σ (these are absorbed as the longitudinal components of the heavy vector composites), while λ and µ are the SM parameters of the Higgs potential, and β is the coefficient of a mixing term allowed by the symmetry. The value of β is not easy to isolate from other parameters in observable quantities, so for the sake of simplicity from now on we fix β = 2. Finally, the covariant derivatives are:
where A
(n = 1, 2) are the Hermitian gauge field matrices corresponding to the SU (2) n gauge fields A (n) µ , n = 1, 2 respectively. Notice that Φ is coupled to A (2) µ but not to A (1) µ , and so it is more strongly coupled to the heavy vectors than to the SM gauge fields. In addition, left handed SM fermionic fields will couple mainly to SM gauge fields, which are primarly contained in SU (2) 1 . The scalar doublet will correspond to the SM Higgs field, which can be expressed as usual by:
where the field h is the Higgs boson, while G ± and G 0 are the would-be Goldstones that will be absorbed after EWSB. The spontaneous breaking of the extra gauge symmetry can be formulated by taking Σ = 1 (in the unitary gauge). The Lagrangian then takes the following form:
where the covariant derivate is now rewritten as follows:
with the vector fields given by:
and the couplings:
At this stage, the fields V (0, v) T , from Eq. (4) it follows that the squared mass matrices for the neutral and charged gauge bosons are given by:
The masses of the gauge bosons are given by diagonalization of these mass matrices:
and the physical neutral and charged gauge bosons are given by:
where, besides the standard θ W , the additional mixing angles κ and γ are:
At this stage the electroweak symmetry is finally broken and the only remaining massless vector boson is the photon field A µ .
III. CONSTRAINTS FROM HIGGS DECAY INTO TWO PHOTONS
In the Standard Model, the h → γγ decay is dominated by W loop diagrams which can interfere destructively with the subdominant top quark loop. In our strongly coupled model, the h → γγ decay receives additional contributions from loops with charged ρ ± µ , as shown in Fig. 1 . The explicit form for the h → γγ decay rate is:
where:
Here x i are the mass ratios
, with M i = m f , M W and M ρ , respectively, α em is the fine structure constant, N C is the color factor (N C = 1 for leptons, N C = 3 for quarks), and Q f is the electric charge of the fermion in the loop. From the fermion loop contributions we will keep only the dominant term, which is the one involving the top quark.
The dimensionless loop factors F 1/2 (x) and F 1 (x) (for particles of spin 1/2 and 1 in the loop, respectively) are [59] [60] [61] [62] [63] [64] [65] [66] : with
In what follows, we want to determine the range of values for the mass M ρ of the heavy vector resonances and the mixing angle ϑ, consistent with the Higgs diphoton signal strength measured by the ATLAS and CMS collaborations at the LHC. To this end, we introduce the ratio R γγ , which corresponds to the Higgs diphoton signal strength that normalises the γγ signal predicted by our model relative to that of the SM:
This normalization for h → γγ was also done in Refs. [66] [67] [68] . Here we have used the fact that in our model, single Higgs production is also dominated by gluon fusion as in the Standard Model. As shown, our model successfully accommodates the current Higgs diphoton decay rate constraints. A more exhaustive study of the allowed values of ϑ for different M ρ is shown in Fig. 3 . The observed Higgs diphoton decay rate at the LHC excludes the white region below the curve in the figure, corresponding 
IV. CONSTRAINTS FROM THE T AND S PARAMETERS
The inclusion of the extra composite particles also modifies the oblique corrections of the SM, the values of which have been extracted from high precision experiments. Consequently, the validity of our model depends on the condition that the extra particles do not contradict those experimental results. These oblique corrections are parametrized in terms of the two well known quantities T and S. The T parameter is defined as [71] [72] [73] :
where Π 33 (0) and Π 11 (0) are the vacuum polarization amplitudes at q 2 = 0 for the propagators of the gauge bosons
µ,3 and A
µ,1 , respectively, which are those that couple to the external fermions in the process e + e − → ff [73] . In turn, the S parameter is defined as [71] [72] [73] : where Π 30 q 2 is the vacuum polarization for the propagator mixing of A
µ,3 and B µ . The most important Feynman diagrams contributing to the T and S parameters are shown in Figures 4 and 5 . We computed these oblique T and S parameters in the Landau gauge for the SM gauge bosons and would-be-Goldstone bosons, where the global SU (2) L × U (1) Y symmetry is preserved. We can separate the contributions to T and S from the SM and extra physics as T = T SM + ∆T and S = S SM + ∆S, where
while ∆T and ∆S contain all the contributions involving the extra particles.
The dominant one-loop contribution to ∆T and ∆S in our model are:
where
It is worth mentioning that we do not consider the tree level contribution of the heavy vectors to the ∆T and ∆S parameters, since they are of the form ∼ v 2 /M 2 ρ , which are subleading compared to the loop contributions. As a result, the experimental constraints on the T and S parameters [74] impose an upper bound on our mixing parameter tan ϑ 0.47, for heavy vector masses from 2 TeV up to 3 TeV.
V. PRODUCTION AND DECAYS OF THE HEAVY VECTORS
The current important period of LHC exploration of the Higgs properties and discovery of heavier particles may provide crucial steps to unravel the electroweak symmetry breaking mechanism. Consequently, we complement our work by studying the production and decay channels of the heavy vector resonances which are relevant for the LHC.
At a hadron collider like the LHC, the most important production channel for the heavy vector resonance is quarkanti-quark annihilation. In our construction, the coupling of heavy vectors to quarks goes through a term which has its origin in the mixing between the gauge fields A (1) µ and A (2) µ . Consequently, the ρ production amplitude is proportional to tan ϑ which acts as a suppression factor. The influence of tan ϑ can be seen in Figure 6 where we show the ρ production cross section, computed with CalcHEP [75] , for different values of M ρ and tan ϑ. 
Additionally, we compute the two-body decay rates of the heavy vectors. These rates, up to corrections of order 
VI. BOUNDS FROM LHC SEARCHES
The ATLAS and CMS collaborations have performed several searches for heavy resonances decaying into different final states [76] [77] [78] [79] [80] . These searches are based on upper limits in the resonant cross section for different heavy vector particles. We use those limits to set restrictions on the model parameter space thus complementing the diphoton and the electroweak precision test constraints described above. As stated at the end of Sections III and IV, the allowed mixing parameter tan ϑ is restricted to the range 0. 
TeV, for the combined channel ee and µµ, as a function of Mρ, for different values of tan ϑ; the solid line is the 95% C.L. upper limit obtained by ATLAS [76] . Right: idem, but for the pp → ρ 0 → τ + τ − channel; the solid line is the 95% C.L. upper limit obtained by CMS [77] .
We now focus on the LHC upper limits to constrain the model parameter space using the final states l + l − , lν l (l = e, µ), τ + τ − , jj, tt, W Z, W W , W H and ZH, assumed to be produced through a resonant ρ 0 or ρ ± decay. For example, the observation of the combined dilepton modes e + e − and µ + µ − [76] provides a bound for a neutral resonance, which we identify here with the neutral state ρ 0 . Fig. 8 (left) shows the cross section prediction for ρ 0 decaying into dileptons (l = e, µ), together with the upper limit obtained by ATLAS, thus setting restrictions on the tan ϑ and M ρ parameter space. The CMS upper bounds in the τ + τ − final state [77] are less restrictive than those of e + e − and µ + µ − , thus providing no further constraints as shown in Fig. 8 (right) . The experimental bound in the lν final state, with l = e, µ, is as stringent as in the l + l − channel (see Fig. 9 ). In contrast to dileptons, the tt [79] and dijet [80] experimental upper bounds do not restrict our parameter space, as can be seen in Fig. 10 . [80] . Right: idem, but for pp → ρ 0 → tt; the solid line is the observed 95% C.L. upper limit obtained by ATLAS [79] . Now, the associated hZ and hW ± production estimates and upper bounds [81] are shown in Fig. 11 . Finally, the ATLAS constraints from ZW and W + W − production are shown in Fig. 12 , where again we contrast the experimental upper bound [82] with the resonant production of W + W − (left) and ZW (right). Combining all these restrictions in the tan ϑ-M ρ plane, we arrive at Fig. 13 , where the allowed region of the parameter space is shown. Here we include also the h → γγ (diphoton) constraint -which provides the lower bounds on tan ϑ, and the upper bound from electroweak precision tests (EWPT) -which turns out to be less restrictive than the upper bounds from the dilepton and diboson channels, as shown in the figure.
VII. CONCLUSIONS
We studied a framework of strongly interacting dynamics where the Higgs (a scalar doublet), and also a heavy vector triplet, appear as composite fields below a scale Λ 4πv ∼ 3 TeV. Without addressing details of the strong dynamics, we focus on the effective theory below the scale Λ, assumed to be the Standard Model, with its SU (2) L ×U (1) Y gauge group, with the addition of a SU (2) L triplet of heavy vectors. The inclusion of the composite fields in the effective Lagrangian, i.e. the Higgs and the heavy vectors, is done by considering the vectors as gauge fields of a hidden local SU (2) 2 symmetry, and the Higgs as a doublet under this same symmetry. On the other hand, the SM gauge group at this stage is a SU (2) 1 × U (1). The SM fermions transform only under the latter group. By the mechanism of Figure 11 . Left: predicted pp → ρ 0 → ZH resonant production at √ s = 13 TeV as a function of Mρ, for different values of tan ϑ; the solid line is the observed 95% C.L. upper limit obtained by ATLAS [81] . Right: idem, but for pp → ρ ± → W ± H. Figure 12 . Left: predicted pp → ρ 0 → W + W − resonant production at √ s = 13 TeV as a function of Mρ, for different values of tan ϑ; the solid line is the 95% C.L. upper limit obtained by ATLAS [82] . Right: idem, but for pp → ρ ± → W Z.
hidden local symmetry, the SU (2) 1 × SU (2) 2 breaks down to the diagonal SU (2) subgroup, which will be effectively the SU (2) L of the SM. This spontaneous breakdown is formulated in terms of a non-linear sigma model, where the "would-be Goldstone" bosons are absorbed into the massive vector triplets. In this process, the Higgs SU (2) 2 doublet, which originally interacts with the composite vectors only, now acquires interactions with the SM fields. In this way, the composite Higgs maintains a rather strong interaction with the composite vector triplets, and a weaker interaction with the SM fields.
We put to test the resulting spectrum and interactions, in view of the existing experimental data: we determined the constraints arising from the measured Higgs diphoton decay rate, electroweak precision tests and the searches of heavy resonances at the LHC in the final states l + l − and lν l (l = e, µ), τ + τ − , jj, tt, W Z, W W , W H and ZH.
As a consequence of these constraints, we find that heavy vector masses in the range 2.1 -3.0 TeV are consistent with the data, together with a mixing of the heavy vectors with the SM gauge bosons in the range tan ϑ ∼ 0.1 − 0.3. These values are also consistent with the assumption that the Higgs couples weakly to the Standard sector and strongly to the heavy vector resonances. In other words, the current experimental data still allows for a Higgs boson that is strongly coupled to a composite sector, here assumed as triplet of vector resonances. Figure 13 . Allowed and excluded regions in the model parameter space after including all the constraints, i.e. the h → γγ (diphoton) constraint, the electroweak precision tests (EWPT) and the bounds from the LHC searches in the channels l + l − , lν l (l = e, µ), τ + τ − , jj, tt, ZH, W H, W W and W Z. The allowed region which is consistent with all the constraints is shown in white, while the grey regions are excluded.
